Introduction. The goal was to test a newly developed pneumatic tocodynamometer (pTOCO) that is disposable and lightweight, and evaluate its equivalence to the standard strain gauge-based tocodynamometer (TOCO). Material and methods. The equivalence between the devices was determined by both mechanical testing and recording of contractile events on women. The data were recorded simultaneously from a pTOCO prototype and standard TOCO that were in place on women who were undergoing routine contraction monitoring in the Labor and Delivery unit at the University of Arkansas for Medical Sciences. In this prospective equivalence study, the output from 31 recordings on 28 pregnant women that had 171 measureable contractions simultaneously in both types of TOCO were analyzed. The traces were scored for contraction start, peak and end times, and the duration of the event was computed from these times. Results. The response curve to loaded weights and applied pressure were similar for both devices, indicating their mechanical equivalence. The paired differences in times and duration between devices were subjected to mixed-models analysis to test the pTOCO for equivalence with standard TOCOs using the two-one-sided tests procedure. The event times and duration analyzed simultaneously from both TOCO types were all found to be significantly equivalent to within AE10 s (all p-values ≤0.0001). Conclusion. pTOCO is equivalent to the standard TOCO in the detection of the timing and duration of uterine contractions. pTOCO would provide a lightweight, disposable alternative to commercially available standard TOCOs.
Introduction
In clinical practice, uterine contractions during labor are measured using an external strain gauge-based tocodynamometer (TOCO) and/or intrauterine pressure catheter (IUPC). Both devices have distinct advantages and disadvantages in assessing frequency, amplitude and duration of contractile activity (1) (2) (3) .
During a uterine contraction, there is an increase in intrauterine pressure that causes the uterus to move forward, and the TOCO records this deflection over the maternal abdomen. The standard for a TOCO design is the "guard-ring" style developed by Smyth (4) in the 1950s. The guard-ring TOCO consists of a strain gauge supported within a rigid ring. Although there are variations in the shape of the pressure-sensitive piston, current commercial instruments still retain essentially the same mechanical compliance. Guard-ring TOCOs are not disposable, since all the electronics are contained in the sensing shell and are relatively expensive to replace. We explored the possibility of providing a disposable alternative to the standard guard-ring TOCO while maintaining operational equivalence to this standard device.
The proposed pneumatic TOCO (pTOCO) concept evaluated here is a prototype for monitoring external contraction-pressure profiles, which would: (1) be similar to the current external monitoring devices, (2) be lighter than said current devices, and (3) be disposable. The design goal was to have the same general dimensions and diaphragm compliance (stiffness) as found in commercial tocodynamometers following Smyth's principles of operation. When placed on the abdominal wall at various sites, the pTOCO can capture the forward motion of the uterus, which would in turn compress a flexible membrane attached to a small air-filled container. The resulting pressure change is amplified by an amplifier wired to a standard IUPC cable that plugs directly into a fetal heart rate and uterine activity monitor. The pTOCO prototype needs to be held in place by an adjustable belt. The goal of the current study was to demonstrate the mechanical equivalence of the pTOCO to the standard TOCO, and to evaluate and compare its performance with that of standard TOCO.
Material and methods
The pTOCO prototype ( Figure 1 ) utilized a disc-shaped plastic body with a small spherical indentation hollowed out in the area of the diaphragm (Smyth's pressure sensitive plate) (4) . A thin pliable latex-free membrane was attached to the surface to achieve the required flatness and to form a trapped air volume that defined the diaphragm compliance. The air pocket was formed between the elastic membrane and the disc with indentation, and was connected to the pressure sensor through a tube. The trapped air pocket can be placed against the women's abdomen and used like a standard TOCO. During the design process, the responsivity was adjusted to give the proper readout. This was accomplished by selecting the resistor value in the amplifier circuit to give the desired response. The required value of resistance is easily calculated from the gain equation of the circuit. In the pTOCO, a standard IUPC transducer was used as a pressure sensor. The disposable design, assembled with plastic parts, contributed to the light weight of the device. We compared its dimensions and weight with that of the current predicate standard TOCO devices. ProducƟon mockup Figure 1 . pTOCO design. A schematic view of the pTOCO device and its input in to the standard fetal monitor (top). View of the prototype device (bottom left) used for recordings and mockup of the production device (bottom right).
To prove mechanical equivalence between the standard TOCO and the pTOCO, both devices were loaded with weights. Because the active area and weight was known, the applied pressure was known. A series of weights were placed on the force-sensing area of a standard TOCO, and the respective pressure readings were obtained from the digital readout on a standard fetal monitor. The process was repeated using the pTOCO. Due to logistical restrictions in loading of weights, the maximum readout with the test was limited to 35 mmHg.
To increase the range of mechanical testing, we performed a water-column and pressure-response test in addition to a load-force approach. This was accomplished by sealing the end of a long 3-cm-diameter tube with a thin piece of rubber covering and placing it on top of the TOCO diaphragm. First, the digital readout from the fetal monitor was "zeroed" to a baseline value of 10 mmHg to simulate clinical practice. Then, to simulate pressure from a contracting uterus, water was poured into the tube to fill it to successively higher pre-defined depths determined by markings spaced 5 cm apart on the outside of the tube. At each pre-defined depth, the response of the device was read from the standard fetal monitor display. The applied pressure in mmHg was computed as the predefined depth divided by the density of mercury in g/ cm 3 . The response of the device as a function of the applied pressure was plotted as a scatterplot. This procedure was repeated for both the standard TOCO and the pTOCO.
To compare mechanical performances between pTOCO and standard TOCO under water-column testing, we selected the range from 0 to 100 mmHg of applied pressure, where both devices responded linearly. To compute the observed gain of each device within this range, we subtracted the baseline "zero" value of 10 mmHg from all its response values, subjected the resulting "baseline-subtracted readouts" (BSR) to linear regression without an intercept (which forces the regression line to go through the origin), and interpreted the regression line's slope as a strict proportionality constant equal to the device's observed gain. It needs to be noted that each of the standard TOCO devices have an in-built offset and gain that is based on the amplifier's gain within the TOCO. Thus for a given input pressure (or force), the output gets scaled based on this in-built gain of the TOCO. This gain value in most of the currently available TOCO devices ranges between two and three.
To match the response of pTOCO function to the standard TOCO response function, the pTOCO BSRs were re-scaled so that the regression line through them had mathematically the same slope as that of the BSRs of the standard TOCO that was used for comparison. Then the baseline "zero" value of 10 mmHg was added back on to all BSRs and the resulting "readouts" from both devices were plotted vs. the applied pressure via scatterplot. At each applied pressure, the difference in response functions was expressed both in mmHg units and as a percentage of their average. In both cases, a mean and RMS (rootmean-square) of the differences were calculated across the range of applied pressures.
The prototype was tested on women admitted to the Labor and Delivery Unit at the University of Arkansas for Medical Sciences (UAMS). The study was approved by the UAMS Institutional Review Board (IRB -98405). The pTOCO device was compared with the standard TOCO that was routinely used to detect contractions. The inclusion criteria were healthy pregnant women, ages 18 or older, admitted to the UAMS Labor and Delivery, and having measurable contractions by electronic monitor. Women who had on-going contraction-monitoring were recruited for the study. A written informed consent was obtained from all the participants before the start of the study. The gestational age and other demographics were recorded along with maternal height and weight (reported at the time of admission to Labor and Delivery) for computing the body mass index (BMI). Based on our study protocol requirement to minimize interference to patient care, any potential disturbance to the existing standard TOCO was avoided during the test with regards to adjustments to its position, baseline or tightness of belt. The pTOCO was placed over the maternal abdomen with a belt by the research nurse. All attempts were made to place the pTOCO over the fundal area and as close as possible to the previously placed standard TOCO. Once the pTOCO was in place, its baseline was zeroed (10 mmHg) during the non-contracting period and the data collection was started. Both types of TOCO (standard and pneumatic) were connected to separate standard fetal monitors (GE model 150). The output from each monitor was digitized and loaded into a laptop for display and storage. This process was accomplished by extracting the analog output from the fetal monitors and digitizing the signals at a sample rate of 200 Hz at 12-bit resolution with a USB analog to digital converter attached to a laptop.
To analyze the clinical equivalence between pTOCO and standard TOCO, the number of contractions recorded by each device was noted. Although the mmHg is not applicable to the standard TOCO, the same criteria was used to score both tracings for marking the event times. Normally, the standard TOCO measures a force, not pressure, but for the purpose of plotting, they are scaled to be plotted in mmHg, since the uterine monitoring strip is the same for TOCO and IUPC. In our case, the pTOCO provides a pressure measure in mmHg, and we compare it with TOCO, which, in standard fetal monitors, is scaled to read in mmHg, although it measures force. Irrespective of the differences in mechanism between the standard TOCO and pTOCO measures, both the devices provide a contractile curve as an output. The following parameters were recorded from each device for each contraction: start time, peak time, end time, and amplitude. The duration of a contraction was calculated as its end time minus its start time. The start time was defined as the point of deflection from baseline with a rising slope of an identified contractile event. Similarly the end time was defined at the point where the contractile event returns to baseline. All statistical analyses employed SAS version 9.3 (SAS Institute Inc., Cary, NC, USA), and power calculations employed PASS 11 (NCSS LLC., Kaysville, UT, USA).
The contraction events were used only if both devices detected them, but the analysis encompassed the times at which each contraction started, peaked, and ended, as well as its duration. Then the paired difference between devices with respect to the contraction start time, peak time, end time, and duration was calculated as the measurement from pTOCO minus that from standard TOCO. Each set of differences was subjected to mixed-models analysis to determine its mean and 90% confidence interval while adjusting for the serial correlation among measurements on different contractions detected during the same monitoring session. Analysis results then were used to compare the pTOCO with standard TOCO for agreement when determining the event times and duration of a contraction using an equivalence-testing procedure of Schuirmann (5) called the TOST (two one-sided tests) procedure. Under this procedure, the two devices "agree" or behave equivalently when measuring an event time or duration if the measurements' paired differences between devices have an average that falls significantly "in between" predefined margins of equivalence. As noted by Walker and Nowacki (6), the TOST procedure is frequently implemented by constructing a 90% confidence interval on the average paired difference. If both ends of the 90% confidence interval are inside the margins of equivalence, then equivalence is established. In this study, we chose to define equivalence margins of AE10 seconds (s) in view of the fact that the lowest division (or resolution) mark on a uterine monitoring strip is 10 s. The level of accuracy of noting the time points will be limited based on this resolution. The four sets of measurement differences between devices were compared against AE10-s margins of equivalence via TOST at a = 0.05. Mean differences and 90% confidence intervals are reported along with numeric p-values from the TOST procedure, in accordance with the recommendation of Walker and Nowacki (6) .
Results
The dimensions of the production prototype pTOCO sensor head are listed in Table 1 and compared with some of the existing predicates. As seen from the Table, the pTOCO sensor head is at least two and a half times lighter than the predicates. The body diameters are similar, with pTOCO having the lowest body thickness in comparison with the listed predicates. The light weight of the pTOCO sensor head is the result of the fact that the electronics are not part of the disposal head and tubing. The pressure sensor and electronics were part of the cable assembly close to the fetal monitor, about 3 m away from the TOCO head.
In Figure 2a , we show the mechanical equivalence of standard TOCO (GE Corometrics, Nautilus) and pTOCO using loading of weights. Since all TOCO-type devices must be initialized to a constant value, the pTOCO readings in this graph were made to match the standard TOCO at the 5g weight. Additionally, Figure 2b shows the mechanical testing using a water column as the applied pressure and the resulting output response from the pTOCO and standard TOCO (GE Corometrics, Nautilus, www3.gehealthcare.com/en/products) as registered by the standard fetal monitor. In both cases, the readout of the monitor was "zeroed" to a baseline value of 10 mmHg prior to applying pressure. A third set of data, labeled pTOCO*, is the pTOCO data after rescaling its readouts to have the same observed gain as those from the standard TOCO. The intent of showing pTOCO* data is to indicate the response that would be expected if the two devices had the same internal gains. It should be noted the amplification (electronic gain) of a TOCO is simply to provide a reasonably scaled graph during labor from which to time contractions. When the observed gain of the pTOCO is matched to that of standard TOCO in this manner, the readouts from both devices are virtually superimposable over the 100-mmHg range of applied pressures considered (Figure 2b) . The difference in readouts between the gain-matched pTOCO compared and To determine the equivalence of their performance on women, 31 recordings from 28 women that had 171 measureable contractions in both types of TOCO were included and tabulated. Table 2 shows the demographics of study participants, including maternal age, gestational age at the time of recording, BMI, gravida, and parity. The range of maternal age and gestation age were 18-37 years and 34-41 weeks, respectively. The Table shows the range of BMI with a mean of 31.9 (SD 7.9). In addition, the Table shows the type of labor (spontaneous 12; induced 15; cesarean section 1), cervical dilation (range 0-9 cm), duration of the recordings (9-28 min) and number of contractions (range 2-10) recorded in each study, as well as the distance between the two devices that was used for comparison. The average distance between the pTOCO and standard TOCO was 9.8 cm (SD 3.3 cm). Figure 3 shows a representative comparative recording of the standard TOCO (blue) and pTOCO (green) on a women with a gestationaal age (GA) of 39 weeks and 5 days in spontaneous labor with a cervical dilation of 3 cm during the recording. The recordings show seven contraction events with the two TOCOs 8.9 cm apart. Figure 4 displays histograms of the distributions of the pTOCO-minus-TOCO differences in contraction start times, peak times, end times, and durations. As seen from the Figure, the majority of the differences lie within the AE10-s tolerance window. The percentage of these differences that fell in the AE10-s range were as follows: start time: 91%; peak time: 76%; end time: 80% and duration: 73%. For each such difference, Table 3 tabulates its estimated mean with a 90% confidence interval, and shows the results of equivalence testing. All four differences had 90% confidence intervals that were well inside the AE10-s equivalence margins (all TOST p-values ≤0.0001), thereby demonstrating that the two devices behave equivalently to within AE10 s in detecting the event times and duration of a contraction.
Discussion
This study accomplished our objective to successfully test a disposable device equivalent to the ubiquitous commercially available TOCOs. The proposed pTOCO device, using a small volume of trapped air and a pressure sensor, achieved essentially the same response as the standard guard-ring TOCO. The physical size and electrical connections of the pTOCO have been constructed similarly to a standard TOCO. Careful design of the pTOCO trapped-air structure and pressure-sensor transducer ensures that the pTOCO is completely interchangeable with a standard TOCO. The lighter weight results from having no electronic parts in the sensor head, and the fact that it is disposable makes it inherently hygienic. Our studies on women show that it is feasible to produce a device that is functionally equivalent to a standard TOCO but offers a lighter weight and disposable alternative for the women.
There are some advantages to the lightweight disposable design in terms of comfort and hygiene. Normally, the heavier sensor head would require a tighter belt to hold it in place, and in some TOCO designs, the thicker head can protrude into the maternal abdomen to a greater degree. Although these are external monitoring devices, the TOCOs can get amniotic fluid, blood, and other body fluids collected on them, thus necessitating thorough cleaning after every use. Additionally, ultrasound gel applied on the maternal abdomen for fetal heart-rate monitoring can get onto the surface and around the sensing area of the TOCO, thus making it harder to clean in crevices. This leftover gel can harden in the difficult-to-reach cleaning spaces, which may also result in higher repair rates. With pTOCO, the disposable head includes a plastic tubing that is about 1.5 m long that can be disposed of, thus reducing the need for cleaning the TOCO head. The essential information from the tracing of the TOCO is the determination of the timing of contractile events. Two important pieces of information are extracted: frequency of contractions and time reference for identifying late onset decelerations in the fetal heart rate tracing. Though contractile intensity is of interest, the TOCO lacks sufficient accuracy for diagnostic purposes. Therefore, equivalence was demonstrated by showing that the pTOCO reliably records contractions and provides the similar timing information inherent in TOCO tracings. Despite the fact that the pTOCO was placed, on average, 10 cm away from the existing device on women in labor and delivery, the differences in contraction start times, peak times, end times, and durations between the two devices were well within the equivalence limits of AE10 s. The pTOCO and TOCO respond relatively quickly compared with the fetal monitor, therefore the response time is set by the bandwidth of the fetal monitor. For either device, the response to a change in pressure is always less than 1-s. Given that both devices are linear and respond to changes in a time much less than 10 s, one would expect virtually identical results. Differences in timing should be anticipated since the devices do not have identical placement location and the contractile activity of the uterus is known to be spatially and temporally dependent. Thus if any two comparative TOCOs are present in the identical location, there should be almost no difference in event times that are needed for interpretation.
There are several limitations in this study that are worth noting. Based on our approved study protocol, we were limited as to the ability to place the pTOCO at the optimal spot and record for extended periods of time. Normally the optimal spot for placing external monitors is over the fundus, and the standard TOCO used for monitoring was already in place with the belt. Adjustments to the existing device were avoided for the research study, and the data were collected for short durations, since we had to ensure minimal interference with ongoing patient monitoring. To maximize probability of detection, the research nurses to the best of their ability attempted to place the pTOCO over the fundus and in proximity with the previously placed standard TOCO. These factors can have a bearing on the detectability and accuracy in time comparisons. The objective in this part of the study was to show the feasibility of the research prototype device to record contractions and its equivalence within acceptable limits. The ideal approach to an equivalence study design would be to alternate the two TOCOs at the same spot over the abdomen and compare them with an IUPC for extended periods of time.
Again, with current study design and limitations in placement location, we could only compare the output characteristics in terms of event times, so we had to restrict analysis to studies where contractile activity was observed in both the devices. We identified 28 women from a group of 46 in whom all contractile events were detected by both the devices in a given recording session, and used them for further analysis. However, our retrospective power analysis indicated that 28 women provided the study with adequate power to compare pTOCO with standard TOCO for agreement in determining contraction start time, peak time, and end time. Our most variable measurement was of duration, the paired differences of which had total variance of 245.8 s
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, with an intraindividual correlation of 33%. To calculate the power of the TOST procedure at a = 0.05 to establish equivalence between devices for measuring duration, we assumed that each woman had, on average, at least three contractions to measure; the actual average was 171/28, or more than six. Under the assumption of three contractions per woman, and given the observed values of total variance and intra-individual correlation, the 28 women included produce only 0.27% beta error per one-sided test against each equivalence margin, thereby yielding 99.46% overall power of the TOST procedure at a = 0.05 to demonstrate equivalence between devices for measuring duration to within AE10 s. Power to establish equivalence between devices was, of course, even higher for measuring start, peak, and end times, since their paired differences had both smaller variances and somewhat less intra-individual correlation than that of duration. Though non-invasive, a major criticism of an external device such as TOCO is its reliability to provide goodquality signals (7-10) and especially on obese women with BMI >35 kg/m 2 . There have been several studies (11-13) exploring the quality of signals on obese women in comparison with non-obese women. In general, the results show that poor-quality signals were recorded in significant portions of the recording times in obese women. A comparative study (13) on external monitoring using uterine electromyography (EMG) showed that it also suffers from this failure, although, as stated by the authors, to a lesser extent than TOCO. A more recent study by Cohen et al. (14) reported no significant difference in detection between EMG and TOCO across different BMI groups. One of the possibilities with pTOCO is that we can include a high-sensitivity setting with it. This can be accomplished by simply providing a switch or push button that can have a low and high option where the gain setting would be related to a resistor value in the amplifier circuit. The low setting would be comparable to current standard TOCOs, whereas the addition of a higher-sensitivity setting may help in searching for the possible presence of uterine-contraction signals that can be difficult to detect by external monitoring.
In terms of cost vs. benefit, this device has the potential to improve hygiene and save costs to hospitals in terms of time and effort spent in cleaning, sterilizing, and repairing. Furthermore, the current TOCO devices are expensive to replace, in contrast to the proposed pTOCO, which is less expensive to manufacture, and contains no electronic parts or sensors in the disposable head. Although we have not performed detailed cost analysis, like IUPC, there will be a per-patient cost associated with any disposable device, but we anticipate that it may be less expensive compared with standard TOCOs when the cleaning, repairing, and replacement costs are taken in to account. Due to high variability, it is difficult to accurately quantify the cost of cleaning, but based on our preliminary inquiry, a hospital our size with about 3000 deliveries spends approximately between 10 000 and 15 000 US dollars per year on maintenance, repair, and replacement of TOCOs. In general, the repairs reported have been primarily due to damage to the sensor head. In addition, there have been instances where standard TOCOs have been disposed of unintentionally, thus requiring a replacement to be ordered. Again, because the pTOCO has no electronics in its sensing part, the cost of repairs should be greatly reduced relative to standard TOCOs, making it more cost-effective.
In summary, we have developed a lightweight and disposable alternative to the commercially available standard TOCO. The performance of this device has been shown to be equivalent to standard TOCOs from both a mechanical bench testing and patient recordings.
